Introduction
Heterotrimeric guanine nucleotide-binding regulatory proteins (G proteins) are composed of a, b, and g subunits and transduce external signals from seven transmembrane receptors to intracellular eectors. Mammalian G protein a subunits are grouped into four subfamilies: G s , G i , G q , and G 12 (Gilman, 1987; Kaziro et al., 1991; Neer, 1995) . Ga 12 and Ga 13 , the members of the G 12 subfamily, are ubiquitously expressed in various tissues (Strathmann and Simon, 1991) . The cellular responses and the signaling pathways regulated by Ga 12 and Ga 13 are beginning to be elucidated by using constitutively activated mutants of Ga 12 (Ga 12 Q229L) and Ga 13 (Ga 13 Q226L).
Overexpression of wild-type Ga 12 transforms NIH3T3 cells (Chan et al., 1993) , and expression of Ga 12 Q229L or Ga 13 Q226L induces neoplastic transformation in NIH3T3 cells (Xu et al., 1993 (Xu et al., , 1994 Jiang et al., 1993; Vara Prasad et al., 1994) and Rat-1 cells . In 1321N1 astrocytoma cells, Ga 12 is required for thrombin-induced mitogenesis (Aragay et al., 1995) . Another activated mutant of Ga 12 , Ga 12 R203C, induces G 1 to S phase cell cycle progression in NIH3T3 cells (Mitsui et al., 1997) . In addition, Ga 12 and Ga 13 are implicated in dierentiation of P19 embryonal carcinoma cells by retinoic acid (Jho and Malbon, 1997) , and Ga 12 Q229L and Ga 13 Q226L induce Rho-dependent neurite retraction and cell rounding in nerve growth factor (NGF)-dierentiated PC12 cells (Katoh et al., 1998) . Furthermore, Ga 12 Q229L and Ga 13 Q226L causes apoptosis in COS-7 and Chinese hamster ovary (CHO) cells (Althoefer et al., 1997; Berestetskaya et al., 1998) . Recently, it has been reported that disruption of the gene encoding Ga 13 in mice impaired the ability of endothelial cells to develop into a functional vascular system and thereby Ga 13 homozygous mutant embryos die (Oermanns et al., 1997) . This suggests that Ga 12 and Ga 13 play a distinct biological function during embryogenesis. A Drosophila homologue of Ga 12 and Ga 13 , concertina (cta), has been shown to be involved in ventral furrow formation and posterior midgut invagination during gastrulation (Parks and Wieschaus, 1991) .
Several studies suggest that Ga 12 and Ga 13 regulate low molecular weight GTP-binding proteins-dependent signaling pathways. Ga 12 regulates Na + /H + exchanger through Ras-dependent pathway (Wadsworth et al., 1997) , whereas Ga 13 dose it through Rac-, Cdc42-, and Rho-dependent pathways (Hooley et al., 1996; Wadsworth et al., 1997) . Ga 12 Q229L and Ga 13 Q226L induce Rho-dependent stress ®ber formation and focal adhesion assembly (Buhl et al., 1995; Gohla et al., 1998) . Ga 12 Q229L and Ga 13 Q226L stimulates transcriptional activity through the serum response element (SRE) in a Rho-dependent manner (Fromm et al., 1997; Mao et al., 1998b, c) , and Tec and Bmx, nonreceptor tyrosine kinases, are involved in Rhodependent activation of serum response factor (SRF) by Ga 12 and Ga 13 (Mao et al., 1998a) . Ga 13 Q226L also stimulates phospholipase D (PLD) activity through Rho and Rac (Plonk et al., 1998) . Moreover, Ras, Rac and Cdc42 participate in JNK activation by Ga 12 and Ga 13 (Vara Prasad et al., 1995; Collins et al., 1996; Voyno-Yasenetskaya et al., 1996; Mitsui et al., 1997) .
A guanine nucleotide exchange factor (GEF) for Rho, Lsc/p115RhoGEF, has an N-terminal region with similarity to the conserved domain of regulators of G protein signaling (RGS) proteins and stimulates the GTPase activities of Ga 12 and Ga 13 , and that Ga 13 directly stimulates the guanine nucleotide exchange activity of Lsc/p115RhoGEF Hart et al., 1998) . More recently, it has been reported that Ga 12 directly binds to Bruton's tyrosine kinase (Btk) and a RasGTPase-activating protein, Gap1 m , and stimulates the activities of Btk and Gap1 m .
In the present study, we describe that activation of Src family kinase is evoked by an active Ga 12 mutant, and the activation is required for Rho-dependent activation of JNK by Ga 12 in HEK 293 cells.
Results

Activation of JNK by Ga 12 Q229L is Rho-dependent
It has been shown that Ga 12 stimulates JNK activity through low molecular weight GTP-binding proteins such as Ras, Rac, and Cdc42 (Vara Prasad et al., 1995; Collins et al., 1996; Voyno-Yasenetskaya et al., 1996; Mitsui et al., 1997) . However, the signaling pathways from Ga 12 to JNK activation are not fully understood. In this study, we investigated the mechanisms of JNK activation by Ga 12 using the transient expression of a constitutively activated mutant of Ga 12 (Ga 12 Q229L) in HEK 293 cells. The cells were transfected with wild-type Ga 12 or Ga 12 Q229L together with HA epitope-tagged JNK1. HA-JNK1 was immunoprecipitated from the cell lysate with anti-HA antibody and the JNK1 activity was assessed by phosphorylation of GST-c-Jun. Wildtype Ga 12 did not signi®cantly stimulate the JNK1 activity, whereas Ga 12 Q229L increased the JNK1 activity by 5 ± 6-fold in HEK 293 cells (Figure 1a ). Since thrombin receptor has been shown to couple to G 12 in platelets (Oermanns et al., 1994) and in Sf9 cells expressing the receptor and Ga 12 (Barr et al., 1997) , we examined whether thrombin stimulates the JNK1 activity in HEK 293 cells. The cells transfected with the thrombin receptor together with HA-JNK1 were stimulated with 0.1 U/ml of thrombin for 30 min. Thrombin produced a 3.5-fold activation of JNK1 (Figure 1b) .
We next investigated whether low molecular weight GTP-binding proteins are involved in the Ga 12 Q229L-stimulated activation of JNK1 in HEK 293 cells. Although dominant-negative Ras(S17N) had no inhibitory eect on the activation of JNK1 by Ga 12 Q229L (data not shown), dominant-negative Rac1(T17N) partially inhibited (54.1+4.3% of control, mean+s.e.). In addition, the JNK1 activation was eectively blocked by dominant-negative RhoA(T19N) and botulinum C3 exoenzyme which speci®cally inactivates Rho by ADP-ribosylation on Asn-41 (Sekine et al., 1989) (Figure 2a and b) . Based on immunoblot analysis using an antibody against FLAG epitope added into N-terminal, Rac1(T17N) and RhoA(T19N) were expressed at similar levels in the transfected cells. It was demonstrated using anti-Rho antibody that the expression of RhoA(T19N) was approximately tenfold higher than that of endogenous RhoA. Similar inhibitory eect of RhoA(T19N) and C3 exoenzyme was observed in the thrombin-induced JNK1 activation (Figure 2d ). Dominant-active Rac1(G12V) increased JNK1 activity by 4 ± 5-fold, and an activated mutant of RhoA(G14V) also enhanced the JNK1 activity (Figure 2c ). These results demonstrate that Rho is implicated in the Ga 12 -induced activation of JNK in HEK 293 cells.
To determine whether Rho also participates in the JNK activation by Ga 12 in other cell lines, the eects of RhoA(T19N) and C3 exoenzyme were examined in Figure 1 Constitutively activated Ga 12 (Ga 12 Q229L) and thrombin stimulate JNK1 activity. (a) HEK 293 cells were transfected with the plasmid of HA-JNK1 together with an empty expression vector (Mock) or the plasmid of wild-type Ga 12 (a 12 WT) or Ga 12 Q229L (a 12 Q229L). JNK1 activity was measured by immune complex kinase assay using GST-c-Jun as a substrate. The data are expressed as fold stimulation in which the basal activity is de®ned as 1.0. (b) Cells were transfected with the plasmid of HA-JNK1 together with the plasmid of thrombin receptor. The transfected cells were stimulated with 0.1 U/ml of thrombin for 30 min. The data are expressed as fold stimulation in which the basal activity is de®ned as 1.0. All values represent the mean+s.e. from at least three independent experiments. Representative autoradiograms of GST-c-Jun phosphorylation are shown. Cell lysates were resolved by SDS ± PAGE and Ga 12 and HA-JNK1 were detected by immunoblotting using anti-Ga 12 and anti-HA antibodies, respectively COS-M6 and NIH3T3 cells. As shown in Figure 2e , the increase in the JNK1 activity by Ga 12 Q229L ranged from 2 ± 3-fold in both cell lines. The JNK1 activation was reduced by RhoA(T19N) and C3 exoenzyme in COS-M6 (49.1+3.8% and 33.6+4.5% of control, respectively, mean+s.e.) and NIH3T3 cells (57.7+8.0% and 20.6+3.3% of control, respectively, mean+s.e.). Immunoblot analysis indicated that the expression of RhoA(T19N) or C3 exoenzyme did not change Ga 12 and JNK1 protein levels in the both cells (data not shown).
Activation of JNK by Ga 12 Q229L is Src family kinase-dependent
We previously reported that Src family kinase participates in the Ga q/11 -stimulated activation of JNK in HEK 293 cells (Nagao et al., 1998) . To determine whether Src family kinase is involved in the Ga 12 -induced activation of JNK, we examined the eects of PP2 (Hanke et al., 1996) , a selective inhibitor for Src family kinases and Csk (Nada et al., 1991) , a cytoplasmic protein tyrosine kinase which inactivates Src family kinases. The activation of JNK1 by Ga 12 Q229L was remarkably attenuated by PP2 in a dose-dependent manner ( Figure 3a ). In addition, Csk signi®cantly inhibited the JNK1 activation ( Figure 3b) . Moreover, the thrombin-stimulated JNK1 activation was diminished by the PP2 treatment and the expression of Csk (Figure 3c ). These data suggest that Src family kinase is involved in the signaling pathways from Ga 12 to JNK. We then further investigated whether Ga 12 stimulates Src family kinase activity in HEK 293 cells.
Ga 12 Q229L stimulates Src family kinase activity
Following the transfection of HEK 293 cells with wild-type Ga 12 or Ga 12 Q229L, endogenous Src family kinases were immunoprecipitated with anti-Src family kinase antibody, and Src family kinase activity was assessed by phosphorylation of acid-denatured enolase. As shown in Figure 4a , the expression of Ga 12 Q229L caused an approximately twofold increase in Src family kinase activity. The Ga 12 Q229L-stimulated activation of Src family kinase was completely suppressed by Csk (Figure 4b ). We further examined whether the tyrosine phosphorylation of the intracellular proteins was promoted by Ga 12 Q229L in HEK 293 cells. Lysates of the cells transfected with wild-type Ga 12 or Ga 12 Q229L were incubated with anti-phosphotyrosine antibody (PY20), and the immunoprecipitates were analysed by immunoblotting with PY20. The expression of Ga 12 Q229L induced the tyrosine phosphorylation of several proteins ( Figure  4c ). These results provide the ®rst direct evidence that Src family kinases are involved in the Ga 12 -mediated signaling pathways.
Src family kinase acts upstream of Rho in the signaling pathways from Ga 12 to JNK Since our results suggest that Rho and Src family kinase are implicated in the Ga 12 -induced activation of JNK, we next determined the relationship between Rho and Src family kinase in the Ga 12 -mediated signaling pathways leading to JNK activation. The expression of v-Src markedly elevated the JNK1 activity (Figure 5a ). The JNK1 activation was prevented by dominantnegative RhoA(T19N) (Figure 5b ). In contrast, the activation of JNK1 by an activated mutant of RhoA(G14V) (Figure 2c ) was not blocked by Csk (Figure 5c ). These data suggest that Src family kinase acts upstream of Rho in the Ga 12 -JNK pathways.
Discussion
It has been reported that Ras/Rac/Cdc42 in NIH3T3 cells (Collins et al., 1996; Mitsui et al., 1997) , Rac in HEK 293 cells (Collins et al., 1996) , Ras/Rac in COS-1 cells (Vara Prasad et al., 1995; Collins et al., 1996) and Cdc42 in COS-7 cells (Voyno-Yasenetskaya et al., 1996) participate in the Ga 12 -induced JNK activation. In the present study, we demonstrated that, in addition to Rac, Rho is involved in the Ga 12 -stimulated activation of JNK in HEK 293 cells (Figure 2 ). Dominant-negative Rac1(T17N) partially blocked the JNK1 activation by Ga 12 Q229L, whereas dominantnegative RhoA(T19N) eectively inhibited ( Figure 2a) . In contrast to our observation, it has been reported that Rac1(T17N) completely inhibits the activation of JNK by Ga 12 , while RhoA(T19N) fails to do it in HEK 293 cells (Collins et al., 1996) . The reason for this discrepancy is not clear. We demonstrated that not only RhoA(T19N), but also C3 exoenzyme suppressed the JNK1 activation in HEK 293 cells (Figure 2b ). Furthermore, in other cell lines such as COS-M6 and NIH3T3 cells, the JNK1 activation was blocked by RhoA(T19N) and C3 exoenzyme (Figure 2e ). These results suggest that Rho is involved in the signaling pathways from Ga 12 to JNK in various cell types. Activated mutants of RhoA, RhoB and RhoC have been shown to elevate JNK activity in 293T cells (Teramoto et al., 1996) . In Saccharomyces cerevisiae, Rho1p, a homologue of the mammalian RhoA, leads to the activation of the mitogen-activated protein kinase (MAPK) cascade involved in bud formation through Pkc1p, a homologue of the mammalian protein kinase C (Nonaka et al., 1995) . These reports may be in line with our observation that Rho is involved in the activation of JNK by Ga 12 .
Apoptosis induced by Ga 12 and Ga 13 has been shown to be mediated by apoptosis signal-regulating kinase 1 (ASK1) and MAPK/extracellular signal-regulated kinase kinase kinase 1 (MEKK1), which function as activators of the JNK pathway, in COS-7 cells (Berestetskaya et al., 1998) . Interestingly, Ga 12 and Ga 13 regulate the MEKK1-JNK pathway through Rac and Cdc42, whereas they activate ASK1 in a Rac-and Cdc42-independent manner. In addition, Rho has been reported to be involved in apoptosis triggered by Ga 13 in COS-7 cells (Althoefer et al., 1997) . Taken together with these two reports and our ®nding that Rho participates in the Ga 12 -stimulated JNK activation, it is possible that Rho but not Rac or Cdc42 may regulate the ASK1-JNK pathway and may be involved in Ga 12 -and Ga 13 -induced apoptosis.
In Drosophila, it has been reported that DRhoGEF2, which is a putative Rho-speci®c guanine nucleotide exchange factor and Drosophila Rho regulate cell shape changes during gastrulation, and that the phenotype of embryos lacking DRhoGEF2 or expressing dominant- negative Rho is similar to that of cta, a Drosophila homologue of Ga 12 and Ga 13 , mutant (Barrett et al., 1997; HaÈ cker and Perrimon, 1998) . In addition, it has been shown that Rho is required for the establishment of tissue polarity in the developing eye and wing hair in Drosophila, and that JNK-like kinases are involved in the Rho-mediated polarity signaling (Strutt et al., 1997) . Drosophila Rac and Cdc42 function upstream of hemipterous (HEP) and basket (BSK), which are Drosophila homologues of JNK kinase (JNKK) and JNK, respectively, and regulate the process of dorsal closure during development in Drosophila (Noselli, 1998) . Similarly, Rho-and Rac-dependent activation of JNK by Ga 12 may play an important role in embryonic morphogenesis of mammals. We found that the Ga 12 Q229L-induced activation of JNK1 was inhibited by PP2 and Csk (Figure 3a and b) . In addition, we demonstrated that Ga 12 Q229L stimulates Src family kinase activity (Figure 4a ). These results suggest that Src family kinase is implicated in the signaling pathways from Ga 12 to JNK. We also found that Ga 12 Q229L promoted the tyrosine phosphorylation of several proteins in HEK 293 cells (Figure 4c) . Recently, Needham and Rozengurt (1998) reported that Ga 12 and Ga 13 stimulate tyrosine phosphorylation of focal adhesion kinase, paxillin, and p130 Crk-associated substrate. Thus, it is likely that the activation of Src family kinase by Ga 12 may enhance the tyrosine phosphorylation of these proteins. We previously showed that a constitutively activated mutant of Ga 11 (Ga 11 Q209L) stimulates Src family kinase activity and the tyrosine phosphorylation of the intracellular proteins in HEK 293 cells (Nagao et al., 1998) . Interestingly, the pattern of protein tyrosine phosphorylation induced by Ga 12 Q229L was similar to that stimulated by Ga 11 Q209L. Therefore, it is possible that the signaling mediated by Ga q/11 and Ga 12 may converge at the level of Src family kinase. It has been recently shown that Ga 12 directly interacts with Btk and stimulates its activity . Similarly, Ga 12 is reported to elevate the activity of Tec, which belongs to the same family as Btk (Mao et al., 1998a) . It is unclear whether Src family kinase, like Btk, is directly activated by Ga 12 . Since Src family kinases can transphosphorylate Btk on Tyr-551 and stimulate its activity (Rawlings et al., 1996) , it is likely that Ga 12 -induced activation of Src family kinase may cooperate with the activation of Btk.
As shown in Figure 5 , the v-Src-induced activation of JNK1 was inhibited by dominant-negative RhoA(T19N), whereas the activated RhoA(G14V)-induced activation was not by Csk. These results suggest that Src family kinase lies upstream of Rho in the Ga 12 -mediated signaling pathways leading to JNK activation. It has been reported that Ga 13 directly stimulates Lsc/p115RhoGEF, whereas Ga 12 does not . This report suggests that Ga 12 may activate another GEF for Rho or that an additional molecule may be required for the stimulation of Lsc/p115RhoGEF by Ga 12 . It has been shown that Vav, a GEF for Rho family GTPases, is tyrosine-phosphorylated by Src family kinases such as Lck and Fyn and its tyrosine phosphorylation stimulates the GEF activity of Vav for Rho family GTPases (Han et al., 1997; Crespo et al., 1997) . Similarly, it is possible that the activation of Src family kinase by Ga 12 may induce the tyrosine phosphorylation of GEFs for Rho and thereby regulate GDP/GTP exchange on Rho. Recently, Vav-2 has been reported to be tyrosine-phosphorylated by protein tyrosine kinases such as Lck, Hck and Syk and act as a GEF for Rho but not Rac or Cdc42 in a phosphotyrosine-dependent manner (Schuebel et al., 1998) .
In conclusion, we demonstrated that Rho and Src family kinase are involved in the Ga 12 -stimulated activation of JNK in HEK 293 cells. Ga 12 may modulate the ability of Rho to regulate the JNK pathway through Src family kinase. Further studies are needed to elucidate the mechanisms by which Ga 12 stimulates Src family kinase activity and regulates Rho in a Src family kinase-dependent manner.
Materials and methods
Materials
Rabbit polyclonal antibodies against Ga 12 (S-20), RhoA (119), Csk (C-20), Src (N-16) and Src family kinases (Src, Yes, and Fyn) (SRC2) were purchased from Santa Cruz Biotechnology, Inc. Rabbit polyclonal antibody against Ga 12 was from Gramsch Laboratories. Mouse monoclonal antibodies (12CA5 and M2) against the hemagglutinin (HA) epitope and the FLAG epitope were obtained from Boehringer Mannheim and Eastman Kodak Co., respectively. Mouse monoclonal anti-phosphotyrosine antibody (PY20) was from Transduction Laboratories. Rabbit anti-mouse Ig antibody (55480) was obtained from Cappel. Anti-mouse (NA931) and anti-rabbit (NA934) Ig antibodies conjugated with horseradish peroxidase were from Amersham Pharmacia Biotech. PP2/AG1879 (Hanke et al., 1996 ; Waltenberger et al., submitted for publication) was kindly provided by A Levitzki (Hebrew University of Jerusalem, Jerusalem, Israel). Thrombin was purchased from Sigma.
Cloning of rat Ga 12 cDNA
The PCR primers corresponding to the nucleotide sequence of mouse Ga 12 cDNA (Strathmann and Simon, 1991) (T19N) or RhoA(G14V) was determined by immunoblotting using each speci®c antibody positions 356 ± 376 and 699 ± 718 were used for PCR ampli®cation. The 5'-primer was 5'-ACTCTGAGAACGA-GAAGCACG-3' and the 3'-primer was 5'-AGCACTG-GAACCACTTCTGG-3'. PCR was performed for 30 cycles using a rat brain cDNA library (Clontech) as a template. During each cycle, samples were denatured for 1 min at 948C, annealed for 2 min at 508C, and extended for 3 min at 728C. The 363-bp fragment was isolated, and labeled with ECL direct nucleic acid labeling and detection system (Amersham Pharmacia Biotech). The rat brain Figure 3 Inhibitory eects of PP2 and Csk on Ga 12 Q229L-or thrombin-stimulated JNK1 activation. (a) HEK 293 cells were transfected with the plasmid of HA-JNK1 together with the plasmid of Ga 12 Q229L. The transfected cells were treated with the indicated concentrations of PP2 for 24 h. JNK1 activity was measured by immune complex kinase assay using GST-c-Jun. The data are expressed as the per cent of Ga 12 Q229L-stimulated JNK1 activation in the absence of PP2. (b) Cells were transfected with the plasmid of HA-JNK1 together with the plasmids of Ga 12 Q229L and Csk. The data are expressed as the per cent of Ga 12 Q229L-stimulated JNK1 activation in the absence of Csk. (c) Cells were transfected with the plasmid of HA-JNK1 together with the plasmid of thrombin receptor or the plasmids of thrombin receptor and Csk. When the eect of PP2 was examined, the transfected cells were pretreated with 10 mM PP2 for 30 min before stimulation with 0.1 U/ml of thrombin for 30 min. The data are expressed as the per cent of thrombin-stimulated JNK1 activation in the absence of PP2 or Csk. All values represent the mean+s.e. from at least three separate experiments. Representative autoradiograms of GST-c-Jun phosphorylation are shown. The expression level of Ga 12 Q229L, HA-JNK1, or Csk was determined by immunoblotting using each speci®c antibody cDNA library (5610 5 colonies) was screened using this labeled fragment. Hybridization was carried out at 428C in hybridization buer of this system. Filters were washed twice at 428C with primary wash buer (0.16SSC, 6 M urea, 0.4% SDS) for 20 min, and further twice at room temperature with secondary wash buer (26SSC) for 5 min. Positive hybridizing clones were visualized by enhanced chemiluminescence (ECL) detection reagents. The cloned rat full-length Ga 12 cDNA was digested by Bsu36I and EcoRI, and ®lled up by Klenow fragment. The fragment was subcloned into pCMV5 (Andersson et al., 1989) , which was digested by BglII and ®lled up by Klenow fragment.
Plasmids
A constitutively activated mutant of rat Ga 12 with substitution of leucine for glutamine (Ga 12 Q229L) was made by primer-mediated mutagenesis using PCR. Wild-type Ga 12 cDNA was used as a template in the PCR reactions. The primers were primer 1, 5'-ACATCGACGCGCTGCTGGCC-3', primer 2, 5'-GCGCTGAGATCTCAGGCC-3', primer 3, 5'-GGCCTGAGATCTCAGCGC-3', and primer 4, 5'-CGATTCAGTAGCTATCACTG-3'. The primers 2 and 3 have a BglII site and the leucine codon (underlined) instead of the glutamine codon. PCR was performed using the primers 1 and 2, and the PCR product was digested by BglII. The product obtained by PCR using the primers 3 and 4 was digested by BglII and EcoRV. The PCR fragments were inserted into the corresponding region of wild-type Ga 12 cDNA. The mammalian expression plasmid of HA-tagged JNK1 (pSRa-HA-JNK1) and the Escherichia coli expression plasmid of glutathione S-transferase (GST)-c-Jun (amino acids 1 ± 79) (Minden et al., 1995) were kindly provided by M Karin (University of California at San Diego, La Jolla, CA, USA). RhoA and Rac1 cDNAs were generously provided by K Kaibuchi (Nara Institute of Science and Technology, Ikoma, Japan). RhoA(G14V), RhoA(T19N), and Rac1(T17N) were made by oligonucleotide-directed mutagenesis and were subcloned into pCMV5 with the FLAG epitope at the N-terminus. Thrombin receptor, Csk and H-Ras(S17N) cDNAs which were generous gifts from M Takada (Tsukuba Research Laboratories, Eisai, Tsukuba, Japan), M Okada (Institute for Protein Research, Osaka University, Osaka, Japan), and GM Cooper (Dana-Farber Cancer Institute, Boston, MA, USA), respectively, were subcloned into pCMV5. The plasmids of C3 exoenzyme and v-Src were kindly provided by S Narumiya (Kyoto University, Kyoto, Japan) and Y Fukami (Kobe University, Kobe, Japan), respectively. The isolated cDNAs and the mutations were con®rmed by dideoxynucleotide sequencing.
Cell culture and transfection
HEK 293, COS-M6, and NIH3T3 cells were maintained in Dulbecco's modi®ed Eagle's medium (Sigma) containing 10% fetal bovine serum, 50 units/ml penicillin and 100 mg/ml streptomycin (Life Technologies, Inc.). The cells were cultured at 378C in a humidi®ed 10% CO 2 environment. HEK 293 cells on 60-mm dishes were transfected with each plasmid DNA using calcium phosphate precipitation method. The total amount of plasmid DNA was adjusted to 30 mg per 60-mm dish with empty vector (pCMV5). The medium was replaced 24 h after transfection, and the cells were starved in the serum-free medium containing 1 mg/ml bovine serum albumin (Sigma) for 24 h and were harvested.
JNK assay
The cells were transfected with pSRa-HA-JNK1 (5 mg) together with pCMV5-Ga 12 (10 mg) and the indicated expression plasmid. The transfected cells were lysed in 600 ml of lysis buer A (20 mM HEPES-NaOH (pH 7.5), 3 mM MgCl 2 , 100 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl¯uoride (PMSF), 1 mg/ml leupeptin, 1 mM EGTA, 1 mM Na 3 VO 4 , 10 mM NaF, 20 mM b-glycerophosphate and 0.5% Nonidet P-40) 48 h after transfection. JNK assay was carried out as described previously (Nagao et al., 1998) . Brie¯y, HA-JNK1 was immunoprecipitated from the transfected cell lysate with anti-HA antibody (0.2 mg). The immunoprecipitates were washed twice with lysis buer A and twice with reaction buer A (20 mM HEPES-NaOH (pH 7.5), 10 mM MgCl 2 , 0.5 mM DTT, 0.1 mM PMSF, 0.1 mg/ml leupeptin, 0.1 mM EGTA, 0.1 mM Na 3 VO 4 , 1 mM NaF, and 2 mM bglycerophosphate). The precipitates were incubated in 30 ml of reaction buer A containing 1.5 mg of anitypuri®ed GST-c-Jun (amino acids 1 ± 79), 20 mM ATP, and 5 mCi of [g-32 P]ATP for 20 min at 308C. The reactions were terminated by adding 10 ml of SDS sample buer and the samples were subjected to SDS ± PAGE. The radioactivity incorporated into GST-c-Jun was measured by an imaging analyzer (Fuji BAS2000) and detected by autoradiography.
Src family kinase assay
Src family kinase assay was performed as described previously (Nagao et al., 1998) . Cells were transfected with pCMV5-Ga 12 (10 mg). The transfected cells were lysed in 600 ml of lysis buer A after 48 h. Aliquots of the supernatants containing 250 mg of protein were incubated for 1 h at 48C with 0.2 mg of SRC2 and mixed for 2 h at 48C with protein A-Sepharose CL-4B (Amersham Pharmacia Biotech). The immunoprecipitates were washed twice with lysis buer A and twice with reaction buer B (40 mM HEPES-NaOH (pH 7.5), 10 mM MgCl 2 , 3 mM MnCl 2 , 0.5 mM DTT, 0.1 mM PMSF, 0.1 mg/ml leupeptin, 0.1 mM Na 3 VO 4 , 1 mM NaF, and 2 mM b-glycerophosphate). Kinase reactions were carried out in 30 ml of reaction buer B containing 4 mg of acid-denatured enolase (Boehringer Mannheim), 10 mM ATP, and 10 mCi of [g-32 P]ATP for 5 min at 228C. The reactions were stopped by adding 10 ml of SDS sample buer and the samples were separated by SDS ± PAGE. The radioactivity incorporated into the enolase was measured by an imaging analyser (Fuji BAS2000) and detected by autoradiography.
Immunoprecipitation and immunoblot analysis
The transfected cells were lysed in 600 ml of lysis buer A. The lysates containing 350 mg of protein were incubated for 1 h at 48C with mouse monoclonal anti-phosphotyrosine antibody (PY20) (10 mg) and mixed for 2 h at 48C with protein A-Sepharose CL-4B preabsorbed with rabbit antimouse Ig antibody (20 mg). The immunoprecipitates were washed twice with lysis buer A and twice with reaction buer A. The precipitated proteins were boiled in SDS sample buer. The boiled samples were resolved by SDS ± PAGE and transferred to nitrocellulose membranes. The membranes were blocked using 1% bovine serum albumin in phosphate-buered saline containing 0.1% Tween 20 and incubated with PY20 or other speci®c antibodies. Immunoreactive bands were visualized by using secondary horseradish peroxidase-conjugated antibodies and chemiluminescence (NEN Life Science Products).
